Aberrant G protein-coupled receptor (GPCR) expression and activation has been linked to tumor initiation, progression, invasion, and metastasis. However, compared with other cancer drivers, the exploitation of GPCRs as potential therapeutic targets has been largely ignored, despite the fact that GPCRs are highly druggable. Therefore, to advance the potential status of GPCRs as therapeutic targets, it is important to understand how GPCRs function together with other cancer drivers during tumor progression. We now report that the ␣-arrestin domaincontaining protein-3 (ARRDC3) acts as a tumor suppressor in part by controlling signaling and trafficking of the GPCR, protease-activated receptor-1 (PAR1). In a series of highly invasive basal-like breast carcinomas, we found that expression of ARRDC3 is suppressed whereas PAR1 is aberrantly overexpressed because of defective lysosomal sorting that results in persistent signaling. Using a lentiviral doxycycline-inducible system, we demonstrate that re-expression of ARRDC3 in invasive breast carcinoma is sufficient to restore normal PAR1 trafficking through the ALG-interacting protein X (ALIX)-dependent lysosomal degradative pathway. We also show that ARRDC3 re-expression attenuates PAR1-stimulated persistent signaling of c-Jun N-terminal kinase (JNK) in invasive breast cancer. Remarkably, restoration of ARRDC3 expression significantly reduced activated PAR1-induced breast carcinoma invasion, which was also dependent on JNK signaling. These findings are the first to identify a critical link between the tumor suppressor ARRDC3 and regulation of GPCR trafficking and signaling in breast cancer.
growth and development by regulating cellular proliferation, invasion, migration, immune cell-mediated functions, angiogenesis, and survival at metastatic sites (1) (2) (3) . GPCR function can be altered in cancer through aberrant overexpression, gainof-function activating mutations, mutations in downstream G protein signaling effectors, and increased production and secretion of GPCR-activating ligands by both tumor cells and surrounding stromal cells (4 -7). As cell-surface receptors with highly druggable sites, GPCRs are the largest class of drug targets, with over 30% of current Food and Drug Administrationapproved drugs targeting GPCRs (8, 9) . Despite the success and promise of GPCRs as therapeutic targets, there are currently no drugs in the clinic used for the treatment of cancer that specifically target GPCRs. Moreover, GPCRs are known to function in metastasis (2, 3) , and there are limited targeted treatment options for patients with metastatic cancer. Thus, understanding how GPCRs function together with other drivers of cancer in tumor progression is important for the development of new effective treatment strategies for metastatic cancer.
Several GPCRs implicated in metastatic cancer, including protease-activated receptor-1 (PAR1), have also been proven to be highly druggable (10, 11) . PAR1 is overexpressed in invasive ductal breast carcinoma but not in normal mammary epithelial tissue (12, 13) . In addition, overexpression of PAR1 in breast cancer patient biopsies correlates with increased rates of metastasis and poor prognosis (12, 14) . PAR1 is also highly expressed in invasive breast carcinoma cell lines but not in noninvasive breast cancer cells, and high PAR1 expression correlates with increased cellular invasion in vitro and tumor growth in vivo (12, 15, 16) . Moreover, loss of PAR1 function by either knockdown of PAR1 or inhibition of PAR1 signaling in highly invasive breast carcinoma cells results in decreased cellular migration and invasion in vitro and tumor growth in vivo (15) (16) (17) . In contrast, ectopic overexpression of PAR1 in non-invasive MCF7 breast carcinoma is sufficient to drive cellular invasion in vitro and tumor growth in vivo possibly by initiating epithelial-mesenchymal transition (18, 19) , suggesting that PAR1 expression is both necessary and sufficient to promote breast cancer progression. Together, these studies strongly support a role for PAR1 as a key mediator of breast cancer progression.
PAR1 is activated by irreversible proteolytic cleavage of the N terminus, revealing a new N-terminal domain that acts as a tethered ligand that binds intramolecularly to the receptor to elicit transmembrane signaling (20, 21) . Thrombin is the main effector protease for PAR1 activation in most cell types; however, other proteases can cleave and activate the receptor in different cellular contexts. In fact, PAR1 senses and responds to multiple proteases generated in the tumor microenvironment, including thrombin, plasmin, and matrix metalloproteinase-1 (MMP-1) (18, 22, 23) . Once activated, PAR1 signals to distinct heterotrimeric G protein subtypes, including G q , G i , and G 12/13 , and triggers RhoGEF-mediated RhoA signaling, an increase in intracellular Ca 2ϩ , MAP kinase activation, and signaling by multiple other effectors (24, 25) . However, previous studies have shown that PAR1 signaling through G 12/13 is the primary driver of breast carcinoma invasion and metastasis in vitro and in vivo (26) . In addition, PAR1-G 12/13 signaling to RhoA and subsequent activation of c-Jun N-terminal kinase (JNK) is required for thrombin-induced breast carcinoma invasion (27) . However, the defects that engender PAR1 and other GPCRs the capacity to promote breast cancer invasion and metastasis are not known.
One mechanism that contributes to PAR1 dysregulation in cancer is defective endocytic trafficking. Similar to most GPCRs, activated PAR1 signaling to heterotrimeric G proteins is rapidly desensitized at the plasma membrane (28, 29) . Unlike most GPCRs, however, internalization and lysosomal sorting of proteolytically activated PAR1 is critical for termination of G protein signaling (28) . In fibroblasts, a chimeric PAR1 that internalizes and recycles back to the cell surface displayed persistent signaling after activation and removal of thrombin (28, 30) . PAR1 persistent signaling was caused by recycling and continued signaling by proteolytically activated PAR1 that returned to the cell surface with its tethered ligand intact. Importantly, activated PAR1 trafficking is also severely altered in metastatic breast cancer but not in non-metastatic or normal breast epithelial cells (15) . Consequently, dysregulated PAR1 trafficking and signaling drives breast cancer invasion and tumor growth (15, 16) . Thus, dysregulated GPCR trafficking is utilized as a gain-of-function mechanism to prolong GPCR signaling in invasive breast carcinomas.
Most classic GPCRs sort to lysosomes for degradation through the endosomal sorting complexes required for transport (ESCRT) pathway, which functions sequentially to sort ubiquitinated receptors to intraluminal vesicles of multivesicular bodies/lysosomes (31) . However, we showed previously that several GPCRs, including PAR1, sort to lysosomes independently of receptor ubiquitination and components of the ubiquitin-binding ESCRT machinery (32) . Rather, activated PAR1 engages ALG-interacting protein X (ALIX), an ESCRT-IIIinteracting protein, for lysosomal degradation (33, 34) . We further identified ␣-arrestin domain-containing protein-3 (ARRDC3) as a key regulator of ALIX-dependent PAR1 lysosomal trafficking in HeLa cells (35) . ARRDC3 has also been shown to regulate endosomal sorting of other GPCRs, including the ␤ 2 -adrenergic receptor (␤2AR) (36 -38) through mechanisms that remain poorly defined.
Importantly, ARRDC3 is a newly identified tumor suppressor in metastatic breast cancer (39, 40) . ARRDC3 expression is either lost or suppressed in basal-like invasive breast cancer that results from either gene deletion or epigenetic silencing (40, 41) . In addition, low ARRDC3 expression correlates with tumor recurrence and patient poor prognosis (39, 42) , further suggesting a role for ARRDC3 in tumor suppression. Given that ALIX and ARRDC3 are key regulators of PAR1 trafficking, we examined whether dysregulation of PAR1 trafficking in invasive breast carcinoma was due to defective ALIX or ARRDC3 function. Here, we report that loss of ARRDC3 expression in highly invasive breast carcinoma is responsible for defective ALIX-dependent lysosomal sorting of PAR1. In addition, loss of ARRDC3 expression not only perturbs PAR1 trafficking, but also is responsible for persistent signaling that drives thrombinstimulated breast carcinoma cellular invasion. These findings provide the first evidence that ARRDC3 functions as a tumor suppressor by modulating GPCR trafficking and signaling in invasive breast cancer.
Results

PAR1, ARRDC3, and ALIX expression in non-invasive luminal versus invasive basal-like breast carcinoma
To determine the mechanisms responsible for dysregulated PAR1 trafficking in invasive breast carcinoma, we profiled the expression of PAR1 and two key regulators, ARRDC3 and ALIX (33, 35) , in a series of human mammary luminal non-invasive and basal-like invasive breast carcinoma cell lines. The expression of ARRDC3 and ALIX in breast carcinoma was detected by immunoblotting, and PAR1 expression was determined by cellsurface ELISA. Immunoblot analysis of equivalent amounts of cell lysates revealed high ARRDC3 expression in non-invasive luminal breast carcinoma and HER2-positive SKBR3 breast cancer cells (Fig. 1A, lanes 1-4 and 9) , whereas ARRDC3 expression was minimally detected in invasive basal-like breast carcinoma (Fig. 1A, lanes 5-8) . These findings are consistent with loss of ARRDC3 expression previously reported in invasive breast carcinoma (39 -41) . Interestingly, PAR1 expression was high in basal-like invasive breast carcinoma with low ARRDC3 expression and low in non-invasive luminal breast carcinoma with high ARRDC3 expression (Fig. 1, A and B) , including luminal ZR75-1 cells as reported previously (15) . In contrast to ARRDC3 and PAR1, ALIX expression was variable and detected in all cell lines irrespective of luminal versus basal subtype of breast carcinoma (Fig. 1A, lanes 1-9) . Whereas ALIX is expressed in BT474 cells, its size is shifted possibly due to post-translational modifications, such as ubiquitination (35, 43) . Nonetheless, these findings reveal an inverse correlation between PAR1 and ARRDC3 expression and raise the intriguing idea that loss of ARRDC3 expression may be responsible for aberrant PAR1 expression in invasive breast carcinoma.
Ectopic expression of ARRDC3 restores activated PAR1 degradation in invasive breast carcinoma
In invasive breast carcinoma, PAR1 trafficking is dysregulated and fails to sort to a lysosomal degradation pathway (15, GPCRs, ARRDC3, and cancer 16) . However, the mechanism responsible for defective PAR1 trafficking in breast cancer is not known. To determine whether ARRDC3 expression is sufficient to restore proper trafficking of PAR1 in invasive breast carcinoma, we used a lentiviral single lentivector for inducible knockdown (pSLIK) tetracycline-inducible expression vector system encoding ARRDC3 containing an N-terminal HA epitope tag ( Fig. 2A) . MDA-MB-231 pSLIK breast carcinoma cells stably expressing HA-ARRDC3 were generated and examined for doxycycline (DOX)-inducible expression of ARRDC3. An ϳ12-16-fold induction of HA-ARRDC3 expression was detected in cells incubated with 1 or 10 g/ml doxycycline for 48 h, respectively, compared with untreated control cells (Fig. 2B, lanes 4 -6) . The expression of ARRDC3 was determined by immunoblotting using either anti-HA or anti-ARRDC3 antibody (Fig. 2B , top and middle, respectively). As expected, parental MDA-MB-231 cells incubated with similar concentrations of doxycycline failed to induce ARRDC3 expression (Fig. 2B, lanes 1-3) . In addition, incubation of MDA-MB-231 HA-ARRDC3 pSLIK cells with doxycycline using the same conditions did not alter the high level of PAR1 cell-surface expression basally as detected by ELISA (Fig. 2C) . These results indicate that doxycycline specifically induces expression of HA-ARRDC3 in highly invasive MDA-MB-231 breast carcinoma.
Using the HA-ARRDC3 pSLIK doxycycline-inducible system in MDA-MB-231 cells, we next examined whether ARRDC3 expression is sufficient to restore agonist-stimulated pSLIK-expressing cells were collected after 48 h of incubation with DOX treatment at 0, 1, or 10 g/ml. Cell lysates were immunoblotted to detect endogenous ARRDC3 or HA-ARRDC3 expression. ␤-Actin expression was detected as a control. The data shown (mean Ϯ S.D. (error bars), n ϭ 3) were quantified by densitometry and shown as the -fold change in ARRDC3 expression relative to 0 min control following doxycycline incubation. Statistical significance was determined by one-way ANOVA (*, p Ͻ 0.05; **, p Ͻ 0.01; n ϭ 3). C, expression of PAR1 on the cell surface was determined before and after DOX (1 g/ml) treatment for 48 h and determined by ELISA. The data (mean Ϯ S.D., n ϭ 3) shown as optical density determined at 405 nm are representative of three independent experiments.
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PAR1 lysosomal degradation. MDA-MB-231 HA-ARRDC3 pSLIK cells were preincubated with or without doxycycline for 48 h and then treated with or without agonist, lysed, immunoprecipitated with anti-PAR1-specific antibodies, and then immunoblotted to detect PAR1 protein. In cells not exposed to agonist, endogenous PAR1 migrated as a high-molecular mass ϳ75-kDa protein that was not detected in IgG control immunoprecipitates (Fig. 3A, lanes 2 and 7 and lanes 1 and 6) . In HA-ARRDC3 pSLIK-expressing MDA-MB-231 cells not incubated with doxycycline and lacking ARRDC3 expression, prolonged treatment with the PAR1-specific agonist peptide failed to promote substantial loss of PAR1 protein as expected (Fig.  3A, lanes 2-5) . These results are consistent with a defect in sorting of activated PAR1 from endosomes to lysosomes in invasive breast cancer, as reported previously (15, 16) . However, in MDA-MB-231 cells expressing doxycycline-induced ARRDC3, agonist peptide induced a significant loss of PAR1 protein following 60, 90, or 120 min of stimulation (Fig. 3A , lanes [7] [8] [9] [10] . The kinetics of activated PAR1 degradation is reminiscent of a typical time course of receptor degradation observed in other cell types (33) . To determine whether ARRDC3 affects PAR1 internalization, agonist-induced loss of PAR1 from the cell surface was measured by ELISA. In MDA-MB-231 HA-ARRDC3 pSLIK cells not treated with doxycycline and not expressing ARRDC3, activation of PAR1 with peptide agonist resulted in a robust ϳ60% loss of receptor from the cell surface ( Fig. 3B) , which was indistinguishable from agonistinduced loss of cell-surface PAR1 observed in MDA-MB-231 cells re-expressing ARRDC3. These findings suggest that ARRDC3 is required for agonist-promoted PAR1 degradation but not for receptor internalization.
To further assess ARRDC3 function as a key mediator of PAR1 degradation, we examined whether ARRDC3 regulates PAR1 degradation when proteolytically activated by its natural ligand thrombin. In MDA-MB-231 HA-ARRDC3 pSLIK cells not treated with doxycycline and lacking ARRDC3 expression, thrombin stimulation resulted in a shift in PAR1 mobility indicative of receptor cleavage but failed to cause a substantial loss of PAR1 protein (Fig. 4A, lanes 2 and 3) . PAR1 protein was not detected in IgG immunoprecipitates (Fig. 4A, lanes 1 and 4) . In contrast, thrombin caused a significant ϳ50% loss of PAR1 protein in MDA-MB-231 cells expressing ARRDC3 (Fig. 4A , lanes 5 and 6), suggesting that ARRDC3 is necessary for receptor lysosomal trafficking. However, thrombin-promoted rapid and robust PAR1 internalization in both MDA-MB-231 HA-ARRDC3 pSLIK cells with and without ARRDC3 expression (Fig. 4B ), indicating that receptor internalization occurs independently of ARRDC3 expression. These results suggest that ARRDC3 is required for agonist-induced PAR1 trafficking from endosomes to a lysosomal degradative pathway in invasive breast carcinoma.
ALIX is required for ARRDC3-mediated PAR1 degradation in invasive breast carcinoma
We showed previously that ARRDC3 regulates PAR1 degradation in HeLa cells by modulating the function of ALIX, an adaptor protein that binds directly to PAR1 and ESCRT-III to facilitate lysosomal sorting (33, 35) . Thus, we next determined whether ARRDC3 regulates PAR1 degradation in invasive breast carcinoma through an ALIX-dependent pathway. To assess ALIX function, MDA-MB-231 HA-ARRDC3 pSLIK cells were transfected with ALIX-specific siRNAs to deplete cells of endogenous ALIX expression (Fig. 5, middle) . In MDA-MB-231 HA-ARRDC3 pSLIK cells transfected with nonspecific A, MDA-MB-231 HA-ARRDC3 pSLIK cells were treated with or without 1 g/ml DOX for 48 h. Cells were then stimulated with 100 M TFLLRN peptide agonist for the indicated times, lysed, and immunoprecipitated using the anti-PAR1 WEDE antibody or anti-IgG antibody as a control. Immunoprecipitates were immunoblotted with anti-PAR1 rabbit polyclonal antibody. Cell lysates were immunoblotted with anti-HA antibody to detect ARRDC3. ␤-Actin expression was determined as a control. The data shown (mean Ϯ S.D. (error bars), n ϭ 3) were quantified by densitometry and represented as PAR1 expression relative to unstimulated control (0 min). Statistical significance was determined by one-way ANOVA (*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; n ϭ 3). B, MDA-MB-231 HA-ARRDC3 pSLIK cells were treated with or without 1 g/ml DOX for 48 h, labeled with anti-PAR1 WEDE antibody at 4°C, and then stimulated with or without 100 M TFLLRN for the indicated times. Cells were then fixed, and the amount of cell-surface PAR1 was determined by ELISA. The data (mean Ϯ S.D., n ϭ 3) are represented as the percentage of PAR1 remaining on the cell surface relative to untreated control (0 min) and representative of three independent experiments.
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siRNA and not treated with doxycycline, ALIX expression was easily detectable, whereas ARRDC3 expression was markedly low and thrombin failed to induce PAR1 degradation (Fig. 5,  lanes 1 and 2) . In contrast, nonspecific siRNA-transfected MDA-MB-231 HA-ARRDC3 pSLIK cells expressing ALIX and re-expressing ARRDC3 showed a significant ϳ40% decrease in PAR1 protein following thrombin stimulation (Fig. 5, lanes 3 and  4) . These findings suggest that ARRDC3 expression is sufficient to restore agonist-induced PAR1 degradation in MDA-MB-231 cells with ALIX expression. However, siRNA-mediated knockdown of ALIX blocked thrombin-stimulated PAR1 degradation in cells expressing ARRDC3 (Fig. 5, lanes 7 and 8) . These findings indicate that ALIX expression is required for ARRDC3-mediated agoniststimulated PAR1 degradation in invasive breast carcinoma.
Sorting of activated PAR1 to lysosomes requires ARRDC3
To determine whether ARRDC3 directly mediates activated PAR1 sorting to multivesicular bodies/lysosomes, we used immunofluorescence confocal microscopy and LysoTracker to label lysosomes. To ensure that the cell-permeable LysoTracker probe labeled acidic lysosomal organelles, we immunostained MDA-MB-231 HA-ARRDC3 pSLIK cells with antibodies targeted against the lysosome-associated membrane protein-1 (LAMP1), a resident lysosomal membrane protein.
LysoTracker accumulated in the lumen of organelles with dis- 
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tinct LAMP1 expression at the limiting membrane, as detected by confocal microscopy and line-scan analysis (Fig. 6A) , suggesting that LysoTracker is a valid marker of lysosomes in MDA-MB-231 cells. MDA-MB-231 HA-ARRDC3 pSLIK cells incubated with or without doxycycline and LysoTracker were then labeled with anti-PAR1 antibodies at 4°C. Under these conditions, only the cell-surface cohort of PAR1 binds antibody. Cells were washed and then stimulated with the PAR1-specific agonist peptide for 90 min. In untreated 0 min control cells, PAR1 localized mainly to the cell surface and not in LysoTracker-labeled organelles, irrespective of doxycycline induction of ARRDC3 (Fig. 6 (B and C) , top panels). After 90 min of agonist stimulation, PAR1 redistributed from the cell surface to endocytic puncta and failed to co-localize with LysoTracker in cells that displayed minimal ARRDC3 expression (Fig. 6, B and  D) . In contrast, however, in cells treated with doxycycline and Figure 6 . ARRDC3 expression is required for activated PAR1 lysosomal trafficking. A, MDA-MB-231 HA-ARRDC3 pSLIK cells incubated with 100 nM LysoTracker were fixed, processed, immunostained for LAMP1, and imaged by confocal microscopy. Images are representative of many cells examined in three independent experiments. Scale bars, 10 m. Line-scan analysis of the white dotted line region is plotted as the fraction of maximum pixel intensity versus pixel number (distance) and demonstrates that LysoTracker (red) accumulates in the lumen of LAMP1-positive lysosomes (green). MDA-MB-231 HA-ARRDC3 pSLIK cells treated without (B) or with (C) 1 g/ml DOX for 48 h were incubated with 2 mM leupeptin and 100 nM LysoTracker at 37°C. Cells were then incubated with anti-PAR1 antibody to label the surface cohort, stimulated with 100 M TFLLRN, fixed, processed, and imaged by confocal microscopy. Images are representative of many cells examined in three independent experiments. Scale bars, 10 m. Line-scan analysis of the white dotted line region is plotted as described above and indicates that activated PAR1 (green) accumulates in the lumen of LAMP1-positive lysosomes (red) in the presence of ARRDC3 (blue) (E) but not in lysosomes in the absence of ARRDC3 expression (D).
expressing HA-ARRDC3 (Fig. 6C ), activated and internalized PAR1 accumulated within LysoTracker-labeled organelles, as shown by confocal microscopy and line-scan analysis (Fig. 6, C  and E) . Collectively, these data indicate that ARRDC3 expression is both necessary and sufficient to target activated PAR1 to lysosomes for degradation.
ARRDC3 attenuates PAR1-mediated persistent signaling and cellular invasion
Dysregulated PAR1 trafficking in invasive breast carcinoma results in persistent signaling and contributes to cellular invasion (15, 16) . Because ARRDC3 expression is sufficient to restore activated PAR1 lysosomal sorting, we examined whether ARRDC3 expression was sufficient to attenuate activated PAR1 signaling. In these studies, we focused on activation of JNK, an effector of PAR1-stimulated G 12/13 signaling and known mediator of PAR1-stimulated breast carcinoma invasion (26, 27) . MDA-MB-231 cells express JNK1 and JNK2 (27) , which are phosphorylated on threonine 183 and tyrosine 185 residues following activation of upstream MAP kinases induced by RhoA signaling (44) . To assess the function of ARRDC3 on PAR1 signaling, MDA-MB-231 HA-ARRDC3 pSLIK cells were treated with or without doxycycline and stimulated with thrombin, and phosphorylation of JNK1/2 was determined by immunoblotting. In MDA-MB-231 HA-ARRDC3 pSLIK cells without doxycycline treatment and minimal ARRDC3 expression, thrombin induced a prolonged and robust ϳ7-fold increase in JNK1/2 phosphorylation that peaked at 20 min (Fig. 7) , consistent with enhanced and persistent PAR1 signaling. However, in MDA-MB-231 HA-ARRDC3 pSLIK cells treated with doxycycline and re-expressing ARRDC3, thrombin induced a transient and ϳ3-fold increase in JNK1/2 phosphorylation (Fig. 7) , a response substantially diminished compared with cells lacking ARRDC3 expression. These results suggest that the impact of ARRDC3 on PAR1 trafficking is important for regulating appropriate cellular signaling.
We next examined the function of ARRDC3 and JNK signaling on thrombin-induced breast carcinoma cellular invasion. In MDA-MB-231 HA-ARRDC3 pSLIK cells with no doxycycline treatment and low ARRDC3 expression, incubation with thrombin induced an ϳ3-fold increase in cellular invasion compared with untreated control cells (Fig. 8A, top panels) . This is consistent with previously reported effects of thrombin on breast carcinoma cellular invasion (15, 18) . However, in MDA-MB-231 cells exhibiting doxycycline-induced ARRDC3 expression, thrombin-induced invasion was markedly reduced and equivalent to unstimulated control cells (Fig. 8A, bottom  panels) , suggesting that ARRDC3 suppresses thrombin-activated PAR1-driven breast carcinoma invasion. To determine whether JNK1/2 is important for thrombin-induced cellular invasion, MDA-MB-231 HA-ARRDC3 pSLIK cells were pretreated with the selective JNK inhibitor SP600125 or DMSO vehicle control. Thrombin stimulated a marked increase in JNK1/2 phosphorylation in MDA-MB-231 cells that was virtually abolished in cells treated with the JNK inhibitor SP600125, whereas thrombin-induced p38 phosphorylation was unaffected (Fig. 8B, inset) . Importantly, thrombin-induced breast carcinoma invasion was markedly inhibited in cells preincubated with the JNK inhibitor SP600125 compared with DMSOtreated control cells (Fig. 8B) . Together, these findings indicate that ARRDC3 functions as a tumor suppressor by controlling GPCR trafficking and consequently signaling that promotes breast cancer invasion (Fig. 9) .
Discussion
Whereas the survival rate for patients diagnosed at early stage breast cancer has improved, this is not the case for patients diagnosed with advanced metastatic breast cancer, which lacks druggable targets. We propose that highly druggable GPCRs are a promising class of targets for metastatic cancer. In fact, several lines of evidence indicate that the GPCR PAR1 is an attractive therapeutic target for advanced breast cancer (11, 45) . PAR1 confers tumor cell motility, invasiveness, survival, and self-renewal in breast cancer and other cancer types (46) . In addition, expression of PAR1 correlates with high breast tumor grade and poor patient prognosis (14) . Despite compelling evidence supporting the oncogenic function of PAR1 in driving breast cancer progression, the defects that contribute to dysfunction of PAR1 in cancer remain largely unknown. We previously showed that dysregulation of PAR1 trafficking results in persistent signaling and consequently promotes tumor invasion and growth (15, 16) , but the underlying defects resulting in aberrant PAR1 trafficking are not known. In the present study, we sought to determine the mechanism responsible for aberrant PAR1 trafficking and signaling in invasive breast carcinoma. We found that expression of the ␣-arrestin ARRDC3, a key regulator of PAR1 trafficking (35) , is suppressed in basal-like invasive breast carcinoma, which exhibit high PAR1 expression. We further show that re-expression of 
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ARRDC3 in basal-like invasive breast carcinoma is sufficient to restore normal PAR1 lysosomal trafficking, which occurs through an ALIX-dependent endosomal-lysosomal sorting pathway (Fig. 9) . Importantly, ARRDC3 re-expression also attenuated thrombin-stimulated JNK signaling and breast carcinoma invasion. These studies are the first to demonstrate a role for the tumor suppressor ARRDC3 in regulation of GPCR trafficking and signaling in invasive basal-like breast carcinoma.
The ␣-arrestin ARRDC3 shares structural homology to the ␤-arrestin family of adaptor proteins (47) , which have important regulatory roles in mammalian GPCR signaling and trafficking (37) . ARRDC3 has been shown to regulate endosomal sorting of the ␤2AR, a classic GPCR (36 -38) . However, the precise role of ARRDC3 in this pathway remains controversial, given the dominant role of ␤-arrestins in regulation of ␤2AR function (36, 38) . ARRDC3 possesses arrestin-like N-and C-domains and C-terminal PPXY motifs that bind to WW domains of HECT domain-containing E3 ubiquitin ligases (48, 49) . Despite the presence of arrestin-like domains, the ␣-arrestin ARRDC3 appears to lack a polar core, which is essential for ␤-arrestin binding to activated and phosphorylated GPCRs (50) . In addition, ␤-arrestins lack C-terminal PPXY motifs, indicating that ␣-arrestin and ␤-arrestin proteins probably have divergent functions. We previously showed that ARRDC3 plays a critical role in regulating PAR1 lysosomal trafficking in HeLa cells. Unlike the ␤2AR, however, ARRDC3 appears to regulate PAR1 lysosomal sorting by modulating ALIX ubiquitination via recruitment of the E3 ubiquitin ligase WWP2 (35) . Ubiquitination of ALIX enhances its dimerization and binding to activated PAR1 and ESCRT-III to facilitate receptor lysosomal degradation (33, 35) . However, there is limited knowledge as to how loss of ARRDC3 disrupts cellular homeostasis to promote breast cancer progression. In the present study, we , n ϭ 3) were quantified from nine different fields of view at ϫ10 magnification for each condition and are represented as the -fold change over untreated control cells. Statistical significance was determined by unpaired t test (***, p Ͻ 0.001; n ϭ 3). B, MDA-MB-231 HA-ARRDC3 pSLIK cells were preincubated with DMSO or 20 M SP600125 JNK inhibitor for 2 h at 37°C, seeded onto transwells coated with Matrigel, and then treated with 1 pM ␣-Th. Cells were processed, and statistical significance was determined by unpaired t test (****, p Ͻ 0.0001; n ϭ 3). The inset shows effects of DMSO and SP600125 on ␣-Th-stimulated phosphorylation of JNK and p38; cell lysates were immunoblotted for total JNK and p38 as a control (Ctrl).
found that ARRDC3 expression is suppressed in basal-like invasive breast carcinoma, which exhibit high PAR1 expression and dysregulated receptor trafficking (15, 16) . We further report that re-expression of ARRDC3 is sufficient to restore normal agonist-induced PAR1 lysosomal degradation in invasive breast carcinoma. In addition, ARRDC3 controls PAR1 lysosomal sorting through an ALIX-dependent pathway in invasive breast carcinoma, consistent with results from our previous HeLa cell studies (35) . These findings indicate that ARRDC3 tumor suppressor function is linked to regulation of GPCR trafficking.
ARRDC3 has been identified as a tumor suppressor in breast and prostate cancer (39 -41, 51) . Using combined high-resolution analysis of genome copy number and gene expression in primary basal and luminal breast cancers, ARRDC3 expression was reported to be low or absent in basal-like breast cancer, the most aggressive and metastatic subtype of breast carcinoma, which lack targeted therapies (40). ARRDC3 expression was also shown to decrease with tumor grade, metastasis, and recurrence and was found in a gene cluster on chromosome 5 deleted in 17% of basal-like breast cancers, compared with 0% deletion in luminal breast cancers (39, 40) . In addition to gene deletion, ARRDC3 expression is suppressed by epigenetic silencing in basal-like breast carcinoma cells through ARRDC3 promoter deacetylation or hypermethylation that results in inactivation of the tumor-suppressor gene (41, 52) . Endogenous small non-coding microRNAs that control ARRDC3 gene expression have also been reported to function in regulation of ARRDC3 gene expression in prostate cancer (53) . The strong correlation between ARRDC3 expression and tumor progression indicates that loss of ARRDC3 expression is linked to dysregulation of important cancer drivers. One target of ARRDC3 described previously is the membrane protein integrin ␤4 (39), which is enriched in triple-negative breast cancer and a marker of poor prognosis (54, 55) . Here, we now report that in addition to functioning in regulation of integrin ␤4, loss of ARRDC3 in invasive breast carcinoma results in aberrant PAR1 lysosomal trafficking, persistent signaling, and consequent breast carcinoma cellular invasion. These findings indicate that the tumor suppressor function of ARRDC3 is linked to the regulation of both integrin receptors and GPCRs. Although there is currently no known direct link between integrin ␤4 and PAR1, integrin ␤1 has been implicated in PAR1-promoted chemotaxis (56), invasion (57) , and proliferation and ERK1/2 activation (58) in skin, bone, and brain tumor cells, respectively. In addition, ␣␤5 cooperates with PAR1 in thrombin-mediated lung cancer cell invasion (59) . Thus, future studies are important to determine whether integrin ␤4 is integrated in PAR1-driven breast cancer progression.
RhoA signaling (16) has been implicated in tumorigenesis and cancer progression (60, 61) . Several previous studies have shown that constitutively active G␣ 12 and G␣ 13 proteins as well as induction of G␣ 12/13 signaling through activation of PAR1 increase invasion of breast carcinoma in vitro, whereas inhibition of G 12 signaling reduces metastasis and improves metastasis-free survival in vivo (26) . In the present studies, we report that ARRDC3 tumor suppressor function is linked to the regulation of PAR1-stimulated G 12 -effector JNK signaling, which mediates breast carcinoma invasion. We discovered that ARRDC3 functions as a negative regulator of PAR1-stimulated breast carcinoma invasion. In addition, ARRDC3 appears to control breast cancer invasion though JNK signaling. In the absence of ARRDC3, PAR1 stimulated a marked and prolonged increase in JNK signaling; however, re-expression of ARRDC3 in breast cancer cells resulted in a significant reduction in both the magnitude and duration of JNK signaling induced by PAR1. JNK has been shown to contribute to malignant transformation, drug resistance, and tumor growth in various cancer types (62) . JNK phosphorylates a large number of targets, mainly transcription factors, and regulates cellular proliferation, survival, and apoptosis, but precisely how JNK contributes to breast carcinoma invasion stimulated by a GPCR is not known, and this is an area of active investigation.
In summary, this study reveals a novel and important role for the tumor suppressor ARRDC3 in the regulation of GPCR trafficking and signaling in invasive basal-like breast cancer. JNK signaling makes important contributions to tumor progression and is an effector of GPCR-G 12/13 RhoA signaling. The work reported here now suggests that the tumor suppressor Figure 9 . Model of ARRDC3 and PAR1 trafficking. Thrombin binds to and cleaves the PAR1 N terminus at arginine 41, exposing a new N-terminal domain that acts like a tethered ligand. Due to the irreversible proteolytic mechanism of PAR1 activation, internalization and lysosomal sorting is critical for termination of G protein signaling. Unlike most classic GPCRs, activated PAR1 is rapidly sorted from endosomes to lysosomes through a non-canonical pathway mediated by ARRDC3 and ALIX. In invasive breast cancer, activated PAR1 is internalized and recycled and fails to sort to lysosomes for degradation and consequently signals persistently, which promotes tumor cell invasion and growth. We discovered that loss of ARRDC3 of expression in invasive breast cancer is responsible for defective PAR1 trafficking that results in persistent signaling and cellular invasion.
ARRDC3 functions not only by regulating PAR1 trafficking but also through modulating appropriate JNK signaling, a critical driver of breast cancer invasion. Thus, in future studies, it will be important to determine how JNK regulates certain substrates to control GPCR-induced breast cancer invasion in vitro and the consequences for tumor invasion and growth in vivo.
Experimental procedures
Reagents and antibodies
The PAR1 agonist peptide TFLLRNPNDK ("TFLLRN") was synthesized as the carboxyl amide and purified by reversephase high-pressure liquid chromatography by the Tufts University Core Facility (Boston, MA). Human ␣-thrombin was obtained from Enzyme Research Technologies (South Bend, IN). Protein A-Sepharose CL-4B beads were from GE Healthcare. Mouse IgG (catalog no. 010-0102) and polyclonal anti-HA antibodies (catalog no. 600-401-384) were purchased from Rockland Immunochemicals (Gilbertsville, PA). Mouse monoclonal anti-HA antibody (HA.11) (catalog no. MMS-101R) was purchased from Covance (Princeton, NJ). Mouse monoclonal anti-PAR1 WEDE antibody (catalog no. IM2584) was purchased from Beckman Coulter (Fullerton, CA). Rabbit anti-PAR1 polyclonal antibody was described previously (63) . Rabbit polyclonal anti-ARRDC3 antibody (catalog no. ab64187) was purchased from Abcam (Cambridge, UK). Monoclonal anti-ALIX antibody (catalog no. sc-53538) was from Santa Cruz Biotechnology (Dallas, TX). Mouse anti-LAMP1 (catalog no. 15665), rabbit anti-phospho-JNK1/2 (catalog no. 9251), and rabbit anti-JNK (catalog no. 9252) antibodies were purchased from Cell Signaling Technology (Danvers, MA). Monoclonal anti-␤-actin antibody (catalog no. A5316) and SP600125 (JNK inhibitor) were purchased from Sigma-Aldrich, and anti-GAPDH antibody (catalog no. GTX627408) was from GeneTex (Irvine, CA). Goat anti-mouse secondary antibody conjugated to Alexa Fluor 488 (catalog no. A-11001) and goat anti-rabbit secondary antibody conjugated to Alexa Fluor 647 (A-21244) were purchased from Thermo Fisher Scientific (Waltham, MA). Goat anti-mouse (catalog no. 170-6516) and goat antirabbit (catalog no. 170-6515) secondary antibodies conjugated to horseradish peroxidase (HRP) were purchased from BioRad. Doxycycline was purchased from Clontech Takara Bio USA (Mountain View, CA). LysoTracker, ProLong Gold, and 2,2Ј-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) were purchased from Thermo Fisher Scientific.
Cell culture and transfections
MDA-MB-231 cells were purchased from ATCC and maintained without CO 2 in Leibowitz-15 medium supplemented with 10% fetal bovine serum (v/v). MCF7, BT549, T47D, BT474, Hs578T, and SKBR3 cells were all purchased from ATCC and grown according to ATCC instructions. siRNA transfections were performed using Oligofectamine (Life Technologies, Inc.) per the manufacturer's instructions. Degradation and invasion assays described were performed 48 h after transfection. All single siRNAs were purchased from Qiagen: nonspecific siRNA sequence, 5Ј-CUACGUCCAGGAGCGC-ACC-3Ј; ALIX 1 target sequence, 5Ј-AAGTACCTCAGTCTA-TATTGA-3Ј; ALIX 3 target sequence, 5Ј-AATCGAGA-CGCTCCTGAGATA-3Ј.
ARRDC3 lentiviral construct and stable cell lines
The pSLIK lentiviral vectors were constructed as described previously (64, 65) . pSLIK-Hygro (Addgene plasmid 25737) and pEN_TmiRc3 (Addgene plasmid 25748) were gifts from Dr. Iain Fraser (National Institutes of Health, Bethesda, MD) (65) . Briefly, N-terminal HA-tagged human ARRDC3 cDNA was cloned into the entry vector pEN_TmiRc3 using restriction sites SpeI and EcoRI downstream of tetracycline response element promoter. The tetracycline response element promoter and ARRDC3 cDNA were then transferred to the pSLIK-Hygro destination vector expressing reverse tetracycline transactivator and hygromycin-selection marker by Gateway recombination (Invitrogen) to generate pSLIK encoding tetracycline-inducible ARRDC3 (pSLIK-ARRDC3). Lentivirus was produced by transfecting 293T cells with pSLIK-ARRDC3 vector along with packaging plasmids pMDL, pRSV, and pVSV using polyethyleneimine. Lentivirus-containing supernatant was harvested on day 2 post-transfection, filtered, and used to transduce MDA-MB-231 cells overnight with 8 g/ml Polybrene (EMD Millipore). MDA-MB-231 cells stably expressing pSLIK-ARRDC3 vector were selected using 200 g/ml hygromycin (Omega Scientific).
Immunoblotting
Cell lysates were collected in 2ϫ Laemmli sample buffer containing 200 mM DTT. Samples were resolved by SDS-PAGE, transferred to PVDF membranes, immunoblotted with appropriate antibodies, and then developed by chemiluminescence. Immunoblots were quantified by densitometry using ImageJ software (National Institutes of Health). For comparison of ARRDC3 and ALIX expression, subconfluent cells in the exponential growth stage were lysed in radioimmune precipitation assay lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA, and 1% Triton X-100) with freshly added protease inhibitors (2 g/ml aprotinin, 10 g/ml leupeptin, 1 g/ml pepstatin A, 1 mM phenylmethylsulfonyl fluoride) and phosphatase inhibitors (50 mM NaF, 10 mM sodium pyrophosphate) and quantified by BCA analysis (Pierce BCA Protein Assay Kit; Thermo Scientific), and equal amounts of lysates were used for immunoblotting.
Cell-surface ELISA
PAR1 surface expression and internalization assays were performed by ELISA, as described previously (66) . Briefly, 2 ϫ 10 5 cells were plated in triplicate on a fibronectin-coated 12-well plate. After 3 days, confluent cells were incubated with starvation medium (Dulbecco's modified Eagle's medium with 1 mM HEPES and 0.1% BSA) for 1 h at 37°C, washed with chilled PBS, and fixed with 4% paraformaldehyde on ice for 15 min. Cells were then incubated with mouse anti-PAR1 WEDE antibody or mouse IgG for 1 h at 4°C and followed by secondary HRPconjugated goat anti-mouse antibody for 1 h at room temperature. Antibody bound to the cell surface was detected by incubation with one-step 2,2Ј-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) substrate for 10 -20 min at room temperGPCRs, ARRDC3, and cancer ature and measured at the absorbance of 405 nm using a microplate reader (SpectraMax Plus, Molecular Devices). The amount of cell-surface PAR1 was determined by subtracting the background mouse IgG from the samples labeled with anti-PAR1 antibody. For PAR1 internalization assays, 24-well plates were coated with fibronectin, and 7.5 ϫ 10 4 MDA-MB-231 pSLIK cells/well were plated. Cells treated with doxycycline for 48 h were serum-starved for 1 h and then incubated on ice with anti-PAR1 antibody to label surface PAR1. Cells were stimulated with PAR1 agonist for various times, fixed, and incubated with HRP-conjugated secondary antibody. The amount of antibody remaining at the cell surface was detected and quantified as described above.
Immunoprecipitation
To assess PAR1 degradation, immunoprecipitation of endogenous PAR1 was performed as described previously (67) . Briefly, cells were plated in 6-cm dishes at a density of 1 ϫ 10 6 cells/dish and treated with 1 g/ml doxycyline the following day. For siRNA knockdown, cells were seeded in 6-well plates at 5 ϫ 10 5 cells/well, transfected as described, and treated with doxycycline the following day. After a 48-h doxycycline treatment, cells were serum-starved for 1 h; treated with ␣-thrombin; and then placed on ice, washed with PBS, and lysed with Triton X-100 lysis buffer supplemented with a mixture of protease inhibitors. Cell lysates were sonicated for 10 s at 10% amplitude (Branson model 450 sonifier) and cleared by centrifugation. A BCA assay (Thermo Fisher Scientific) was performed to determine protein concentrations. Equal amounts of normalized lysates were immunoprecipitated with appropriate antibodies and preblocked Protein A-Sepharose beads overnight at 4°C. Immunoprecipitates were washed three times with lysis buffer, and proteins were eluted in 50 l of 2ϫ Laemmli sample buffer containing 200 mM DTT. Cell lysates and PAR1 immunoprecipitates were analyzed by immunoblotting.
Immunofluorescence confocal microscopy
Cells were plated at a density of 4 ϫ 10 5 cells/well on fibronectin-coated glass coverslips placed in a 12-well dish and grown overnight. Cells were treated with doxycycline for 48 h and then serum-starved in Dulbecco's modified Eagle's medium containing 1 mg/ml BSA, 2 mM leupeptin, and 100 nM LysoTracker for 1 h at 37°C. Cells were then incubated at 4°C with anti-PAR1 WEDE antibody to label the surface population of receptors and then stimulated with 100 M TFLLRN, fixed with 4% paraformaldehyde in PBS, permeabilized with methanol, immunostained with polyclonal anti-HA antibody, and processed as described previously (66) . Coverslips were mounted with ProLong Gold reagent. Confocal images of 0.28-m x-y sections were collected sequentially using an Olympus IX81 DSU spinning confocal microscope fitted with a Plan Apo ϫ60 oil objective and a Hamamatsu ORCAER digital camera using Metamorph version 7.7.4.0 software (Molecular Devices). Fluorescence intensity line-scan analysis was performed using ImageJ software.
Signaling assays
Signaling assays were performed essentially as described previously (3). Briefly, cells were treated with or without 1 g/ml doxycycline for 48 h and starved for 1 h at 37°C. Cells were stimulated with 10 nM ␣-thrombin for the indicated times at 37°C, and cell lysates were collected by direct lysis in 2ϫ Laemmli sample buffer containing 200 mM DTT. Samples were resolved by SDS-PAGE and immunoblotted with anti-phospho-JNK antibody. PVDF membranes were stripped and reprobed with anti-JNK antibody.
Invasion assays
For ARRDC3 re-expression experiments, cells were treated with doxycycline for 48 h and serum-starved overnight. For JNK inhibitor experiments, cells were serum-starved overnight and then treated with DMSO or JNK inhibitor SP600125 (20 M) for 2 h. Cells were dissociated using Cellstripper solution (Corning, NY) and seeded onto BioCoat TM Matrigel invasion chambers (Corning, NY) with or without 1 pM ␣-thrombin added. For JNK inhibitor experiments, DMSO or SP600125 (20 M) were also added during seeding into invasion chambers. Cells were allowed to invade for 5 h at 37°C, fixed, and stained with 0.5% crystal violet in ethanol. Membranes were dried overnight, and cells that had invaded through the Matrigel and membrane were imaged using a Leica DMi1 inverted microscope (Leica Microsystems). Cell invasion was quantified by cell count in nine fields of view at ϫ10 magnification for each condition, from three biological independent replicates.
Data analysis
Statistical significance was determined by unpaired t test or one-way ANOVA using Prism version 4.0 software (GraphPad). 
